J Clin Invest. 2006;116(3):724-734. https://doi.org/10.1172/JCI26385. B cells have multiple roles in immune activation and inflammation separate from their capacity to produce antibodies. B cell depletion is currently under intense investigation as a therapeutic strategy for autoimmune diseases. The TNF family members B cell-activating factor of the TNF family (BAFF) and its homolog A proliferation-inducing ligand (APRIL) are B cell survival and differentiation factors and are therefore rational therapeutic targets. We compared the effects of BAFF receptor-Ig, which blocks only BAFF, with those of transmembrane activator and calcium modulator ligand interactor-Ig, which blocks both BAFF and APRIL, in a murine SLE model. Both reagents prolonged the life of NZB/W F1 mice when given either before or after disease onset. Many immunologic effects of the 2 reagents were similar, including B cell and B cell subset depletion and prevention of the progressive T cell activation and dendritic cell accumulation that occurs with age in NZB/W mice without substantial effects on the emergence of the IgG anti-double-stranded DNA response. Furthermore, both reagents inhibited the T cell-independent marginal zone B cell response to particulate antigen delivered i.v., but not the B1 B cell response to the same antigen delivered i.p. In contrast, blockade of both BAFF and APRIL, but not blockade of BAFF alone, reduced the serum levels of IgM antibodies, decreased the frequency of plasma cells in the […]
Introduction
It is increasingly recognized that B cells have multiple functions that contribute to the pathogenesis of autoimmunity. They produce autoantibodies that mediate tissue injury, they function as antigenpresenting cells that present epitopes of self antigen to autoreactive T cells, and they produce soluble mediators involved in the organization of lymphoid tissues and in the initiation and perpetuation of inflammatory processes (1) . In some autoimmune diseases, B cells migrate to inflamed sites, where they act as local effector cells (2, 3) .
The TNF-like molecule B cell-activating factor of the TNF family (BAFF; TNFSF13b) is a key B cell survival factor, and its 3 receptors (transmembrane activator and calcium modulator ligand interactor [TACI; TNFRSF13b], B cell maturation antigen [BCMA; TNFRSF17], and BAFF receptor [BAFF-R; TNFRSF13c]) are variably expressed on B cells during their differentiation (4) . A proliferation-inducing ligand (APRIL; TNFSF13a), a molecule homologous to BAFF, binds only to TACI and BCMA and shares many functions in common with BAFF, although it cannot facilitate survival of transitional B cells, a function that depends on the interaction of BAFF with BAFF-R (5) . Serum levels of BAFF and APRIL are increased in autoimmune diseases, including SLE and rheumatoid arthritis (6, 7) , and blockade of BAFF and APRIL using soluble fusion proteins of BAFF receptors prevents autoimmunity in animal models of disease (8) (9) (10) (11) .
A number of different BAFF antagonists are in early clinical trials for human autoimmune diseases. Some, such as BAFF-R-Ig and anti-BAFF, selectively block only BAFF, whereas others, such as TACI-Ig, block both BAFF and APRIL (12) . Since plasma cells predominantly express BCMA and TACI that bind to both BAFF and APRIL (13, 14) , these differences may be physiologically important. Furthermore, the mechanism of action of these therapeutic reagents needs to be explored in the setting of autoimmunity because intrinsic B cell hyperreactivity, the provision of excess T cell help, and the presence of inflammatory mediators may alter the normal dependence of B cells on BAFF or APRIL and thus the response to blockade.
Our goal in this study was to examine the immunologic effects of selective and nonselective BAFF blockade in a murine model of SLE. Our results show that although both BAFF-R-Ig and TACI-Ig prevented the onset of SLE in this model, there were significant differences in the effects of the 2 reagents on the survival of plasma cells in the spleen and bone marrow. These differences may affect the type of disease that will be responsive to these reagents as well as their immunosuppressive potential. not shown), relative affinity for BAFF, or the ability to inhibit the binding of BAFF to membrane-bound BAFF-R (Supplemental Figure 1 ; available online with this article; doi:10.1172/JCI26385DS1). As expected, BAFF-R-Ig bound only to BAFF, whereas TACI-Ig bound to both BAFF and APRIL in ELISA assays (data not shown). Administration of a single dose of adenovirus expressing BAFF-R-Ig to 18- to 20-week-old NZB/W F1 mice resulted in expression of BAFF-R-Ig in the serum for approximately 6 weeks. In order to determine whether the addition of an agent that blocks T cell activation would be synergistic with BAFF-R-Ig, the adenovirus was also administered together with the costimulatory antagonist CTLA4Ig. The addition of 2 weeks of treatment with CTLA4Ig to BAFF-R-Ig adenovirus (Ad-BAFF-R-Ig/CTLA4Ig) resulted in an increased initial level of expression of BAFF-R-Ig in the serum, but did not significantly prolong the duration of expression ( Figure 1B) .
Clinical effects of BAFF-R-Ig in NZB/W F1 mice. The clinical effects of TACI-Ig in NZB/W F1 mice have been previously described in detail (10) . Treatment of 18- to 20-week-old NZB/W F1 mice with Ad-BAFF-R-Ig with or without CTLA4Ig resulted in a highly significant delay of 6 months in proteinuria onset and death compared with controls ( Figure 2 , A and B). We have previously reported that administration of Ad-TACI-Ig to NZB/W F1 mice causes a decrease in serum IgM levels that is sustained for up to 6 months after treatment (10) . In contrast, treatment with Ad-BAFF-R-Ig did not alter the serum levels of either IgM ( Figure 3A) or IgM anti-DNA antibodies (data not shown). Ad-BAFF-R-Ig alone did not alter the serum levels of IgG ( Figure 3B ) or of IgG isotypes; however, a transient decrease of serum IgG1 levels was noted with combination Ad-BAFF-R-Ig/CTLA4Ig (data not shown). The appearance of IgG anti-DNA antibodies in the serum of Ad-BAFF-R-Ig-treated mice was delayed by 6 weeks, which was equivalent to the time that the fusion protein was expressed in the serum ( Figure 2C ). Furthermore, IgG deposits and complement could be detected in the kidneys of Ad-BAFF-R-Ig-treated mice at the age of 36 weeks, well before the onset of clinical disease, indicating that the autoantibod-ies had pathogenic potential ( Figure 4 ). This is similar to what we have previously reported with Ad-TACI-Ig (10) .
Analysis of B and T cell phenotypes. Spleens from Ad-BAFF-R-Igtreated mice were examined at 36 weeks of age. The spleens were significantly smaller and contained fewer cells than the spleens of control 16- and 36-week-old NZB/W F1 mice. The B cells had a phenotype similar to that of mice treated with Ad-TACI-Ig (10), namely an intact transitional type 1 (T1) population, a decrease in the number and proportion of marginal zone and follicular B cells, and a decrease in the number of activated and class-switched B cells (Tables 1 and 2 ). CD5 + B cells were examined in the mice treated with combination Ad-BAFF-R-Ig/CTLA4Ig and were not depleted. Similarly, peritoneal CD5 + B cells were not depleted 8 weeks after treatment with either Ad-TACI-Ig or Ad-BAFF-R-Ig (data not shown).
Mice treated with Ad-BAFF-R-Ig and analyzed at 36 weeks of age had a marked decrease in the number of activated and memory CD4 T cells compared with age-matched controls, indicating a significant inhibitory effect of Ad-BAFF-R-Ig treatment on CD4 T cell activa- (lane 1) and sera from SCID  mice injected with either Ad-TACI-Ig (lane 2) or Ad-BAFF-R-Ig (lane  3) . TACI-Ig is a 94-kDa dimer; BAFF-R-Ig is a 37-kDa monomer. (B) Mean ± SD serum BAFF-R-Ig levels over time in NZB/W F1 mice (n = 10 per group) injected at day 0 with 10 9 pfu Ad-BAFF-R-Ig alone or together with 6 doses of 100 μg CTLA4Ig.
Figure
Ad-BAFF-R-Ig prolongs survival of NZB/W F1 mice. Kaplan-Meier plots of proteinuria-free survival (A) and overall survival (B) in treated NZB/W F1 mice aged 18-20 weeks. Mice treated with Ad-BAFF-R-Ig alone or together with CTLA4Ig had prolonged survival (P < 0.0001, Ad-BAFF-R-Ig versus control; P < 0.003, Ad-BAFF-R-Ig/CTLA4Ig versus Ad-LacZ/CTLA4Ig) and prolonged proteinuria-free survival compared with untreated or irrelevant adenovirus controls (P < 0.001, Ad-BAFF-R-Ig versus untreated; P < 0.01, Ad-BAFF-R-Ig/CTLA4Ig versus Ad-LacZ/CTLA4Ig). (C) Time of appearance of high-titer IgG anti-dsDNA antibodies. In both Ad-BAFF-R-Ig-and Ad-BAFF-R-Ig/ CTLA4Ig-treated groups (P < 0.0013 and P < 0.0139, respectively), there was a delay of approximately 6 weeks in the appearance of IgG anti-dsDNA antibodies compared with the relevant control. tion and proliferation. Similarly, Ad-BAFF-R-Ig-treated mice did not accumulate increased numbers of CD11c/CD11b dendritic cells over time as seen in age-matched controls ( Tables 1 and 2) .
Analysis of B cell Ig secretion. To enumerate the frequency of Ig-secreting cells and autoantibody-secreting cells, ELISpot assay was performed on equal numbers of spleen cells from treated and control mice. At 36 weeks of age, the frequency of IgG-secreting cells in the spleen was not significantly different from controls ( Figure 3C ), but due to the small spleen size, the total number of IgG-secreting cells per spleen was significantly lower in Ad-BAFF-R-Ig-treated mice than in controls ( Figure 3D ). No preferential depletion of IgG anti-DNA secreting B cells was observed ( Figure  3C ). The frequency and total number of IgM-secreting B cells was not altered by Ad-BAFF-R-Ig ( Figure 3 , C and D).
Induction of remission by Ad-BAFF-R-Ig and CTLA4Ig. We have previously reported that the combination of Ad-TACI-Ig and CTLA4Ig induces remission of established disease in NZB/W F1 mice (10) . The combination of Ad-BAFF-R-Ig and CTLA4Ig was similarly able to prolong life span in 28- to 30-week-old NZB/W F1 mice ( Figure 5 , A and B). Compared with Ad-LacZ/CTLA4Ig-treated mice, Ad-BAFF-R-Ig/CTLA4Ig-treated mice had significant depletion of total spleen cells (8.85 ± 7.08 × 10 7 versus 20.42 ± 12.74 × 10 7 ; P < 0.03), total B cells (3.88 ± 3.36 × 10 7 versus 10.98 ± 3.85 × 10 7 ; P < 0.02), and activated B cells (0.71 ± 0.82 × 10 7 versus 1.67 ± 1.08 × 10 7 ; P < 0.05) at sacrifice without significant changes in the number or activation state of CD4 T cells. As observed in younger mice, there was no effect of Ad-BAFF-R-Ig/CTLA4Ig on the serum levels of IgM or IgM anti-DNA antibodies. The effect on IgG anti-DNA antibodies was variable, with temporary decreases of 4-5 weeks occurring in half the mice (data not shown). Histologic analysis of the kidneys showed a decrease in glomerulonephritis and tubular damage in both groups of treated mice ( Figure 5C ).
The effect of BAFF-R-Ig and TACI-Ig on T cell-dependent and -independent IgM responses. Serum IgM in normal mice derives from several B cell subsets including B1 cells, marginal zone B cells, and activated extrafollicular B2 cells. To determine whether BAFF-R-Ig and TACI-Ig had different effects on the activation of these B cell subsets in a protective immune response, we immunized treated NZB/W F1 mice with T cell-dependent and -independent antigens.
Ad-BAFF-R-Ig-treated mice immunized with the T cell-dependent antigen oxazolone mounted an IgM anti-oxazolone response that was equivalent to that of untreated controls. In contrast, Ad-TACI-Ig-treated mice had a markedly attenuated serum IgM anti-oxazolone response ( Figure 6 ). The IgG1 and IgG2a antioxazolone response was decreased by approximately 50% by both reagents ( Figure 6 ). Thus, only TACI-Ig inhibited the IgM response to a T cell-dependent antigen, whereas the 2 reagents had similar effects on the class-switched response.
Ad-BAFF-R-Ig does not alter serum Ig levels. Mean ± SD serum IgM (A) and IgG (B) in Ad-BAFF-R-Ig-treated NZB/W F1 mice were not significantly different from control Ad-LacZ-treated mice. Low IgG levels at 150 days in control mice reflect losses due to proteinuria in these mice. (C) The frequency of IgG-secreting cells per 10 3 or 10 5 total spleen cells (4-5 per group) was determined by ELISpot assay and was not significantly different in treated mice compared with controls. 
Figure 4
Ad-BAFF-R-Ig prevents renal inflammation. Histologic analysis of kidneys from 36-week-old control (A, C, and E) and treated (B, D, and F) NZB/W mice. Control kidneys had perivascular interstitial infiltrates (arrows), glomerulonephritis, and tubular casts (A) as well as Ig deposits (E). Ad-BAFF-R-Ig treatment at 18-20 weeks prevented glomerulonephritis and interstitial inflammation (B and D) but did not prevent the deposition of IgG in the glomeruli (F). Magnification, ×40 (A-D); ×10 (E and F).
The IgM response to heat-killed streptococci in normal mice derives from both B1 and marginal zone B cells in the spleen when bacteria are administered i.v., but only from peritoneal B1 B cells when administered i.p. (16) . We therefore measured the IgM response to phosphorylcholine (PC) 3 days after i.v. or i.p. administration of heat-killed streptococci. The serum IgM anti-PC response of Ad-BAFF-R-Ig- and Ad-TACI-Ig-treated mice following i.p. administration of bacteria was similar to that of control Ad-LacZ-treated mice. ELISpot analysis of peritoneal B cells also showed no difference between treated mice and controls, indicating that B1 cells in the peritoneum of NZB/W F1 mice may function independently of both BAFF and APRIL ( Figure 7 , A and B). In contrast, both Ad-BAFF-R-Ig and Ad-TACI-Ig suppressed the spleen-derived IgM anti-PC response following i.v. immunization with bacteria ( Figure 7 , C and D).
To further quantitate the effects of TACI-Ig and BAFF-R-Ig just on marginal zone B cells, these experiments were repeated in C57BL/6 mice transgenic for the μ heavy chain of the anti-PC antibody M167 (17) . Transgenic B cells that coexpress the M167 light chain localize to the marginal zones, and the number of B cells that respond to immunization can be quantitated by flow cytometry using an antiidiotypic antibody (16) . Pretreatment of M167 mice with either Ad-TACI-Ig or Ad-BAFF-R-Ig resulted in the loss of 80% of marginal zone B cells and complete abrogation of the anti-PC response following i.v. immunization with bacteria ( Figure  8 ). When the mice were dosed with equal amounts of TACI-Ig and BAFF-R-Ig proteins to more closely approximate therapeutic dosing, marginal zone B cells were depleted by approximately 50% by both treatments (data not shown). TACI-Ig protein consistently suppressed the serum anti-PC response to a greater degree than did BAFF-R-Ig, and this was associated with lower numbers of idiotype-positive B cells and plasmablasts in the spleen (Figure 9 ).
Different effects of TACI-Ig and BAFF-R-Ig in NZM2410 mice. NZM2410 mice differ from NZB/ W F1 mice in that large numbers of IgG-producing plasma cells reside in the spleen and only few migrate from the germinal centers to the bone marrow (18) . In 14-week-old NZM2410 mice, treatment with Ad-TACI-Ig, but not Ad-BAFF-R-Ig, decreased serum levels of IgM and IgG by 50%, and these levels remained low for 4 weeks ( Figure 10 , A and B). ELISpot analysis on spleens and bone marrow at 18 weeks showed that both IgM- and IgG-secreting cells were markedly decreased in the spleens only of Ad-TACI-Ig-treated mice. The decrease in plasma cells was confirmed by immunohistochemistry ( Figure 11 ). Bone marrow IgG-producing plasma cells were also decreased in the Ad-TACI-Igtreated mice ( Figure 10C ). Thus in this mouse strain, unlike the NZB/W strain, plasma cells in both the spleen and the bone marrow were depleted by Ad-TACI-Ig, but not by Ad-BAFF-R-Ig. Treatment of NZM2410 mice with TACI-Ig protein similarly depleted both splenic and bone marrow plasma cells, but BAFF-R-Ig had no effect on these plasma cells (data not shown).
To determine whether TACI-Ig or BAFF-R-Ig prevent the emergence of IgG plasma cells during a T cell-dependent response, NZM2410 mice were treated with a single dose of adenovirus expressing either fusion protein and immunized 1 week later with 4-hydroxy-3-nitrophenylacetyl (NP) coupled to keyhole limpet hemocyanin (NP-KLH). As expected, the IgM response to NP was completely suppressed only in Ad-TACI-Ig-treated mice ( Figure  12A ). However, antibodies of the IgG isotype, including IgG1, IgG2a, and IgG2b (data not shown), were detected in the serum of both Ad-TACI-Ig- and Ad-BAFF-R-Ig-treated mice starting 2 weeks after immunization. When these mice were examined at day 21 after immunization there was no difference in the titers of highaffinity IgG antibodies to NP [NP(3)-BSA] between control mice and either of the treated groups ( Figure 12B ). As had been observed in unimmunized mice ( Figure 10 ), at 4 weeks after immunization the frequency of B cells producing total IgG measured by ELISpot was markedly decreased in the spleens and bone marrow only of Ad-TACI-Ig-treated mice (data not shown).
Discussion
The TNF-like molecule BAFF (also known as B lymphocyte stimulator [BLyS]) is a key B cell survival factor that binds to 3 receptors - TACI, BCMA, and BAFF-R - that are expressed on the B cell surface at different times throughout B cell ontogeny (19) . The homologous molecule APRIL binds only TACI and BCMA (4, 20) . Variability in the relative expression of the 3 BAFF receptors on B cells determines whether the B cells will compete for BAFF or APRIL and helps to regulate the survival and homeostasis of the multiple B cell subcompartments (5) . Antagonism of BAFF and APRIL is a promising therapeutic approach for B cell-mediated autoimmunity, and both selective (BAFF alone) and nonselective (BAFF and APRIL) blockers are being developed for human use (12) . It is currently not known whether there is a therapeutic advantage or an increased toxicity of the nonselective antagonists.
We have therefore analyzed the differences between selective blockade of BAFF alone and blockade of both BAFF and APRIL in an autoimmune disease model. We administered a single dose of adenovirus expressing BAFF-R-Ig to 18- to 20-week-old NZB/W F1 mice either with or without 6 doses of CTLA4Ig. The results were compared with the effects of a similar protocol using Ad-TACI-Ig (10) . Ad-BAFF-R-Ig treatment significantly delayed the onset of proteinuria and, like Ad-TACI-Ig, prolonged the life span of NZB/W F1 mice. This effect was very robust, with prolongation of life span by 6 months. As had been observed with Ad-TACI-Ig, the addition of CTLA4Ig to Ad-BAFF-R-Ig did not significantly prolong life compared with Ad-BAFF-R-Ig alone.
Despite minor differences in the pharmacokinetics of fusion protein expression, many of the immunologic effects of the 2 BAFF blocking reagents were similar. Both reagents spared T1 cells and depleted marginal zone B cells and follicular B cells to the same degree. Given the known turnover rate of these cell populations (5)
Figure
Ad-BAFF-R-Ig/CTLA4Ig induces disease remission. Kaplan-Meier plots of proteinuria-free (A) and overall survival (B) in NZB/W F1 mice treated at age 28-30 weeks (arrows) with Ad-BAFF-R-Ig, Ad-TACI-Ig, or Ad-LacZ, each given with 6 doses of CTLA4Ig, and untreated controls. Ad-BAFF-R-Ig or Ad-TACI-Ig treatment delayed proteinuria (A; P < 0.0032, Ad-BAFF-R-Ig/CTLA4Ig versus Ad-LacZ/CTLA4Ig; P < 0.0006, Ad-TACI-Ig/CTLA4Ig versus Ad-LacZ/CTLA4Ig) and prolonged survival (B; P < 0.0035, Ad-BAFF-R-Ig/CTLA4Ig and Ad-TACI-Ig/CTLA4Ig versus Ad-LacZ/CTLA4Ig). (C) Histologic analysis of kidneys showed significantly less glomerular damage (Glom; P < 0.01) and interstitial inflammation (Int; P < 0.05) in the kidneys of both sets of treated mice compared with Ad-LacZ controls. A score of 4.5 indicates death of an animal due to uremia. Horizontal lines denote the mean score for each group.
Figure 6
IgM, IgG1, and IgG2a anti-oxazolone titers. Mean ± SD anti-oxazolone (Anti-ox) titers in Ad-LacZ-, Ad-BAFF-R-Ig-, and Ad-TACI-Igtreated NZB/W F1 mice (n = 8 per group). Titers were measured 1 and 2 weeks after immunization (IgM: P < 0.003, Ad-TACI-Ig versus Ad-LacZ and Ad-BAFF-R-Ig; IgG1 and IgG2a: P < 0.006, Ad-BAFF-R-Ig and Ad-TACI-Ig versus Ad-LacZ; P < 0.004, Ad-BAFF-R-Ig and Ad-TACI-Ig versus naive). Asterisks indicate significant differences. and the depletion observed within 1 week of fusion protein administration, our present findings confirm the dominant role of BAFF/ BAFF-R interactions for survival of marginal zone and follicular populations, even late in the disease process, in autoimmune mice.
Despite the prolonged loss of B cells associated with both reagents, IgG anti-DNA antibodies appeared in the serum after only a short delay and deposited in the kidney. It has previously been reported that a 4-week course of BAFF-R-Ig prevents the emergence of IgG anti-DNA antibodies in NZB/W mice for many months (9) . This is of interest because it has been suggested that naive high-affinity autoreactive B cells fail to compete for sur-vival in a BAFF-deficient environment (21, 22) . Thus depletion of BAFF might alter selection of autoreactive B cells into the naive repertoire. On the other hand, because BAFF depletion reduces B cell surface expression of complement receptors (23), it is theoretically possible that autoreactive B cells that would be deleted or anergized by a strong BCR signal would be spared. These conflicting hypotheses remain to be addressed in autoimmune models. Despite BAFF blockade using BAFF-R-Ig, IgG anti-double-stranded DNA (anti-dsDNA) antibodies reproducibly arose with only a short delay in more than 30 mice studied using both ELISA and ELISpot assay. Our results show that BAFF-R-Ig and TACI-Ig had
Figure 7
Ad-BAFF-R-Ig and Ad-TACI-Ig inhibit the splenic response to bacteria but have no effect on peritoneal B1 cells. Anti-PC response in NZB/W F1 mice following i.p. or i.v. immunization with heat-killed streptococci. Following i.p. injection, serum IgM anti-PC antibody levels (A) and IgM ELISpot analysis of the peritoneal cells (B) showed no difference between treatment groups and controls. Following i.v. injection, serum IgM anti-PC antibody levels failed to increase following immunization in treated mice (C; P < 0.01, Ad-BAFF-R-Ig and Ad-TACI-Ig versus Ad-LacZ), and ELISpot analysis of the spleen cells (D) showed that both Ad-BAFF-R-Ig and Ad-TACI-Ig suppressed the IgM anti-PC response (P < 0.01, Ad-TACI-Ig versus Ad-LacZ for both IgM and anti-PC; P < 0.04, Ad-BAFF-R-Ig versus Ad-LacZ for both IgM and anti-PC). Asterisks indicate significant differences. a similar effect on the anti-DNA response, with a delay equivalent to the time that the fusion protein was expressed in the serum. The nature of the anti-DNA antibodies that emerged over time was further studied in TACI-Ig-treated mice. In these mice, spontaneous germinal centers still formed, and IgG-secreting plasma cells appeared in the bone marrow. Furthermore, the relative affinity of the antibodies for DNA was not different from that of controls, and somatic mutations occurred at an equivalent rate, indicating that autoreactive B cells received T cell help, most likely in the germinal center (10) . In both BAFF-R-Ig- and TACI-Ig-treated mice, deposition of antibodies in the glomeruli was observed well before disease onset. This suggests that the effect of BAFF blockade is not simply due to prevention of autoantibody formation.
Figure 8
B cells produce soluble mediators involved in the organization of lymphoid tissues, and their absence results in shrinkage of the spleen and lymph nodes (24, 25) . B cells also function as antigenpresenting cells that participate in cycles of autoantigen presentation to autoreactive T cells (26) . Because of the small spleen size and the decreased number of activated B cells in treated mice, the total number of activated and memory T cells did not increase over time. BAFF-R-Ig and TACI-Ig were similar with respect to their effects on T cell numbers and activation state, both early and late in disease progression. This effect may be explained by B cell depletion alone. It has also been suggested that BAFF-R mediates costimulation of T cells (27) , and that BAFF blockade might therefore directly inhibit T cell activation. Further work is needed to define the role of BAFF-R as a T cell costimulatory molecule in vivo. The small spleen size also resulted in a decrease in the total number of CD11c/CD11b-positive dendritic cells. These cells can migrate to the kidneys of NZB/W F1 mice and secrete chemokines that attract inflammatory cells into the kidney (28) . Thus the delay in disease onset was due to the marked reduction in the number of effector cells available to secrete inflammatory mediators and to respond to the deposition of immune complexes in the kidney.
The most striking difference between BAFF-R-Ig and TACI-Ig treatment was the profound effect only of TACI-Ig on the survival of certain subgroups of plasma cells. NZB/W mice accumulate large numbers of IgM-secreting plasma cells in their spleens, which include both short-lived and long-lived cells (29) . Administration of TACI-Ig to NZB/W F1 mice resulted in depletion of these IgMsecreting plasma cells from the spleen red pulp and a reduction in serum levels of IgM antibodies that lasted for months after admin-
Figure 9
TACI-Ig protein inhibits the response of marginal zone B cells. Anti-PC response following i.v. immunization of M167 mice with heat-killed streptococci after pretreatment with BAFF-R-Ig or TACI-Ig protein as described in Methods. Only the TACI-Ig-treated group manifested a significant reduction in serum IgM levels (A; P < 0.01 versus IgG2a and BAFF-R-Ig), serum IgM anti-PC antibodies (B; P < 0.02 versus IgG2a), the number of IgM-and anti-PC antibody-secreting cells in spleen (C; P < 0.02 versus IgG2a and BAFF-R-Ig), and the number of M167 + B220 lo B cells (D; P < 0.03 versus BAFF-R-Ig; P < 0.02 versus IgG2a) and plasmablasts quantitated as in Figure 8 istration, suggesting either that TACI-Ig induced a long-lasting change in the spleen microenvironment or that the cells took a long time to reaccumulate. In contrast, BAFF-R-Ig had no effect on these plasma cells. TACI-Ig, but not BAFF-R-Ig, also inhibited the emerging IgM anti-DNA response and the IgM response to a T cell-dependent antigen, indicating either that B cells were diverted from the extrafollicular pathway or that newly formed extrafollicular plasma cells were unable to survive in the BAFF- and APRIL-deficient spleen. This was not simply due to the changes in spleen size that resulted from B cell depletion, because the B cell-depleting effects of BAFF-R-Ig and TACI-Ig were the same. In NZM2410 mice the differences between TACI-Ig and BAFF-R-Ig were even more striking. In this strain TACI-Ig depleted both spleen and bone marrow plasma cells, resulting in a decrease in serum levels of both IgM and IgG, whereas BAFF-R-Ig had no effect on serum Igs or Ig-secreting cells despite having similar B cell-depleting effects. A similar difference between BAFF-R-Ig and BCMA-Ig has been noted with respect to bone marrow plasma cells in normal mice (30) . It remains to be determined whether this difference between TACI-Ig and BAFF-R-Ig will influence disease outcome in the NZM2410 strain.
We next examined the function of the various B cell subcompartments. Neither BAFF-R-Ig nor TACI-Ig altered the number of B1 cells in the spleen or peritoneum. The role of BAFF and APRIL in B1 cell survival is still controversial, even in normal mice. Some - but not all - BAFF transgenic strains have increased numbers of B1 cells (8, 31, 32) , and TACI-Ig transgenic mice lose B1 cells with age (33) . Furthermore, APRIL transgenic mice develop large numbers of B1 cells and B1 lymphomas with age, suggesting that APRIL plays a role in the homeostasis of this compartment (34) . In contrast to findings in normal mice (35) , immunization studies revealed that neither BAFF-R-Ig nor TACI-Ig blocked the response of peritoneal NZB/W B1 cells to streptococci administered i.p. However, high doses of both fusion proteins completely inhibited the T cell-independent response to i.v. administered streptococci, a response that is derived from both marginal zone B cells and splenic B1 B cells. This suggests that despite the normal numbers of B1 cells in the spleens of treated mice, BAFF is required for the generation of a functional immune response by these cells. These findings are consistent with previous data that show that TACI is required for T cell-independent responses (36) and that the relevant ligand is BAFF (37, 38) . The absence of change in either the size or function of the peritoneal B1 compartment in NZB/W F1 mice may be due to the presence of other supporting cells or inflammatory cytokines in the NZB/W peritoneal microenvironment. Additionally, there may be functional differences between B1 cells in the spleen and the peritoneum (39) that account for the observed differences in BAFF dependence between the 2 sites.
To further study the effect of BAFF blockade, specifically on the function of marginal zone B cells, we performed immunization studies in M167 transgenic mice in which the immune response to bacteria preferentially derives from M167 + cells in the marginal zone. High doses of BAFF-R-Ig and TACI-Ig caused profound depletion of marginal zone B cells that was evident within 10 days of treatment with either fusion protein. It has previously been shown that TACI-Ig also affects survival of marginal zone B cellderived plasmablasts in the spleen (35) . When lower, equal doses of TACI-Ig and BAFF-R-Ig were administered as protein to M167 mice, marginal zone B cell depletion was incomplete. Under these circumstances, TACI-Ig had a more significant effect on the expansion or survival of Id + B cells and the emergence of plasmablasts than did BAFF-R-Ig. Similar results were observed in NZB/W mice, suggesting that APRIL can compensate for BAFF deficiency with respect to mediating marginal zone-derived extrafollicular plasmablast survival in the spleen.
The IgG response to a T cell-dependent antigen was only partially inhibited by both reagents. While BAFF deficiency is known to result in smaller and shorter-lived germinal centers and lower antibody titers in response to immunization with T cell-dependent antigens, it does not prevent class switching or affinity maturation in normal mice (40, 41) . Our previous findings show that this also appears to be the case in autoimmune mice (10) . Recent analysis of BAFF-R expression in human germinal centers has shown that BAFF-R is expressed early in germinal center development and in the plasma cell precursors, but that as plasma cells develop, their expansion is maintained by TACI and BCMA (14) . However, since APRIL is not expressed within the germinal centers (14) , these are predominantly dependent on BAFF. Our data is consistent with this finding, as BAFF-R-Ig and TACI-Ig had indistinguishable effects on IgG anti-DNA antibody responses (10) and IgG antioxazolone responses in NZB/W mice. This was also apparent in the NZM2410 strain, which has large numbers of plasma cells in the red pulp of the spleen. Young NZM2410 mice have very few plasma cells in the bone marrow (18), but we have found that plasma cells did accumulate in the bone marrow of these mice as they aged. Despite the profound loss of red pulp IgG-secreting plasma cells in TACI-Ig-treated NZM2410 mice, these mice mounted a measurable high-affinity IgG response to the T cell-dependent antigen NP-KLH given with adjuvant, which was no different from that in BAFF-R-Ig-treated mice or controls. Our experiment did not examine the longevity of these newly derived plasmablasts past 28 days, and it remains to be determined whether TACI-Ig alters the survival of the plasma cells that subsequently migrate out of the germinal centers to other sites.
It has recently been reported that BCMA is the predominant BAFF/APRIL receptor expressed on bone marrow plasma cells in mice (42) . Since mouse BAFF binds only poorly to mouse BCMA (43) , APRIL is an important mediator of plasma cell survival in the mouse bone marrow, and these cells can be depleted in normal mice with TACI-Ig. We did not observe any effect of TACI-Ig on IgG-secreting B cells in the bone marrow of NZB/W mice (ref. 10 and Z. Liu, unpublished observations). In contrast, bone marrow plasma cells in the NZM2410 mouse were highly susceptible to TACI-Ig but not to BAFF-R-Ig. These strain differences may reflect differential expression of the various BAFF receptors or the amount of available BAFF and APRIL. However, our previous finding that the combination of CTLA4Ig and TACI-Ig is able to deplete serum IgG in NZB/W mice (10) suggests that there are likely other factors within the bone marrow environment that support plasma cell survival and may account for the observed strain differences.
Of relevance to the use of BAFF blockade as a therapy for autoimmunity, the combination of Ad-BAFF-R-Ig and CTLA4Ig was able to induce remission of established disease when administered at the age of 28-30 weeks. B cell depletion occurred following this late treatment, but the effects on activated T cells were less than those observed in mice treated at an earlier stage of disease. The precise mechanism by which BAFF blockade induces disease remission remains to be determined, but may include a direct effect on the kidney itself since BAFF (but not APRIL) is expressed at high levels in the inflamed kidney at the onset of clinical nephritis (L. Schiffer and A. Davidson, unpublished observations).
Our findings are relevant to the application of BAFF blockade to the treatment of human disease. For diseases in which B cell depletion is the desired outcome, both selective and nonselective BAFF blockade should be effective. In contrast, TACI-Ig may be the agent of choice for diseases mediated by short-lived or extrafollicular plasma cells and those in which the predominant autoantibody specificity is of the IgM class. Furthermore, TACI-Ig may be able to deplete long-lived plasma cells in some individuals. This is clinically of great importance, given that at least part of the autoantibody pool may derive from these cells (25) , and may also be relevant for the treatment of B cell malignancies. Identification of the BAFF and APRIL receptors present on malignant B cells could direct therapy with BAFF and/or APRIL blockade. Differences between mice and humans might occur because mouse BAFF binds poorly to BCMA, whereas human BAFF binds to BCMA well. It is clear that a short course of BAFF blockade has long-lasting effects, suggesting that some treatment goals might be achieved by intermittent courses of therapy. However, resting memory B cells do not appear to be susceptible to BAFF blockade (10) . Further work remains to be done to analyze the in vivo effects of BAFF blockade on reactivation of memory B cells and to determine whether continuous therapy is required to suppress the production of autoantibodies derived from turnover of the memory compartment. It has been proposed that plasma cells are continuously generated from polyclonal activation of memory cells (44) . The contribution of such a mechanism to autoreactivity and the effect of BAFF blockade on this phenomenon have not been explored.
Use of either TACI-Ig or BAFF-R-Ig may cause immunosuppression with respect to responses to blood-borne encapsulated microorganisms to which marginal zone B cells and B1 cells constitute the first line of defense. Our data suggest that TACI-Ig may be more potent with respect to this side effect. It has recently been reported that TACI-deficient individuals are IgM deficient and suffer from an immunodeficiency with recurrent infections due to encapsulated bacteria (45) . Unlike other B cell-depleting agents, BAFF blockade only partially modulates germinal center responses; affinity maturation and class switching occur in germinal centers despite continued profound B cell depletion (40) . Thus protective IgG responses to previously unencountered T cell-dependent antigens may remain intact. However, the preferential loss of IgM in TACI-Ig-treated mice may result in a more deleterious impact on early T cell-dependent immune responses to infectious organisms mediated by neutralizing IgM antibodies. As drugs that block BAFF and APRIL progress to human clinical trials in a variety of diseases, translational studies in humans should address the potential differences in the effects of selective versus nonselective BAFF blockade on B cell survival within the various microenvironments and on adverse events caused by immunosuppression.
Methods
Generation of adenoviruses expressing fully murine BAFF-R-Ig and TACI-Ig. The extracellular domain of murine BAFF-R (aa 2-76) was cloned from NZB/W F1 spleen cDNA by RT-PCR and fused to a human β2 microglobulin signal sequence and to the CH2-CH3 domains of murine IgG2a, mutated at the Fc receptor binding site. The construct was expressed in Adeno-X adenovirus according to the manufacturer's instructions (Clontech Laboratories Inc.). Expression of BAFF-R-Ig was confirmed by immunoprecipitation of serum from SCID mice injected with 1 × 10 9 PFU Ad-BAFF-R-Ig and by BAFF-Rspecific ELISA using anti-BAFF-R antibody (kind gift of S. Kalled, Biogen Inc., Cambridge, Massachusetts, USA) to coat the plates and anti-IgG2a for detection. We also reengineered our previously described Ad-TACI-Ig virus (10) by replacing the trypsin signal peptide with the human β2 microglobulin signal peptide, resulting in a 5-fold improvement in expression of TACI-Ig fusion protein in the serum of SCID mice. The β2 microglobulin TACI-Ig virus was used for all the experiments described in this manuscript.
Treatment of NZB/W F1 mice. NZB/NZW F1 females were purchased from The Jackson Laboratory. Mice were tested at 18 weeks of age for IgG anti-dsDNA antibodies and were distributed into matched treatment groups depending on the antibody titer just prior to treatment with Ad-BAFF-R-Ig or β-galactosidase adenovirus (Ad-LacZ; 1 × 10 9 pfu; n = 10 per group). Treatment was also combined with CTLA4Ig (46): 6 doses of 100 μg administered over a 2-week period (n = 10). Comparisons were performed with 10 mice that received CTLA4Ig alone and 20 untreated controls. Mice were bled, and their urine was tested for proteinuria by dipstick (Multistick; Fisher Scientific International), every 2 weeks. Mice were followed until death. All experiments using animals were carried out according to protocols that were reviewed and approved by the Institutional Animal Care and Use Committees of Columbia University and Albert Einstein College of Medicine.
Serum IgM, IgG, and anti-dsDNA antibodies. Measurement of serum IgM and IgG levels and of anti-dsDNA antibodies was performed as previously described (46) .
Anti-dsDNA ELISpot assay. Spleens were harvested from 4-5 mice in each group at 35-37 weeks of age by survival splenectomy as previously described (46) . Spleens were weighed, and total cell count was performed. ELISpot assays for total Ig-secreting cells and for anti-dsDNA-secreting B cells were performed as previously described (46) .
Flow cytometry analysis of spleens. Spleen cells were analyzed for lymphocyte markers as previously described (10) .
Remission induction studies. Groups of 10 NZB/W F1 mice were treated with Ad-LacZ/CTLA4Ig, Ad-BAFF-R-Ig/CTLA4Ig, or Ad-TACI-Ig/ CTLA4Ig at 28-30 weeks of age. We used the combination treatment because we have previously shown efficacy with Ad-TACI-Ig/CTLA4Ig. Mice were bled, and their urine was tested for proteinuria by dipstick, every 2 weeks. Serum IgM, IgG, and anti-DNA antibodies were measured as described above. The mice were sacrificed 15 weeks later, and their spleens were harvested for B cell analysis by FACS and ELISpot. Kidneys obtained at sacrifice were stained with H&E and scored by an independent observer using a 0-4 score for glomerular damage and interstitial and vascular inflammation as previously described (47) .
Immunization of NZB/W F1 mice with the T cell-dependent antigen oxazolone. Groups of 5 NZB/W F1 mice were immunized with 750 μg oxazolone (Sigma-Aldrich) by skin paint at 26 weeks of age, 8 weeks after treatment with Ad-LacZ, Ad-BAFF-R-Ig, or Ad-TACI-Ig. Mice were bled at plate. Proteinuria and survival data in Figures 2 and 5 were analyzed using Kaplan-Meier curves and log-rank test. Comparisons in Figures 3, 6-9, and 12 and in Tables 1 and 2 were performed using Wilcoxon rank-sum test. Comparisons in Figure 10 were performed using Kruskal-Wallis test. P values less than or equal to 0.05 were considered significant.
